Rab GTPases are critical regulators of membrane trafficking. The canonical view is that Rabs are soluble in their inactive GDP-bound form, and only upon activation and conversion to their GTP-bound state are they anchored to membranes through membrane insertion of a C-terminal prenyl group. Here we demonstrate that C-terminal prenylation is not required for Rab13 to associate with and traffic on vesicles. Instead, inactive Rab13 appears to associate with vesicles via protein-protein interactions. Only following activation does Rab13 associate with the plasma membrane, presumably with insertion of the C-terminal prenyl group into the membrane.
(GDIs) (8, 9) . GDIs bind the hydrophobic prenyl group to prevent its reassociation with the membrane and keep the Rab soluble in the cytosol. Consistently, deletion or mutation of the C-terminal cysteine residues results in complete cytosolic localization of both Rab4 and Rab5 (10) .
Rabs are thought to associate with membranes only upon activation (11) . However, it seems that at least some Rabs can associate with the membrane in their inactive GDP-bound form. For example, inactive Rab35 exists on the plasma membrane, whereas inactive Rab11 can be found on cytoplasmic vesicles (12, 13) . Here we show that inactive Rab13, in the absence of prenylation, traffics on vesicles derived from recycling and late endosomal compartments. It appears that Rab13 associates with these vesicles as part of a protein complex.
Experimental Procedures
Antibodies, DNA Constructs, and shRNA-Mouse monoclonal antibodies used were as follows: Rab8 and flotillin (BD Biosciences), Rab9 (Abcam; Cambridge, MA), Na ϩ /K ϩ ATPase (Upstate Biotechnology, Lake Placid, NY), and actin (Chemicon). Rabbit polyclonal antibodies used were as follows: Rab5 (Abcam) and tubulin (Cell Signaling Technology). The chicken polyclonal antibody against Rab13 was from Abcam. The rat monoclonal Hsc70 (1B5) antibody was obtained from Enzo Life Sciences. Homemade rabbit polyclonal antibodies against Rab35 and RME-8 were described previously (12, 14) . mCherry (mCh)-tagged Rab13 (human amino acids 1-203) WT, T22N, and Q67L were described previously (5) . The Rab13 C-terminal deletion construct (human, amino acids 1-199) and hypervariable domain deletion constructs (human, amino acids 1-175) were PCR-amplified, digested with EcoRI and BamHI, and ligated into the mCherry-C2 vector. Cellubrevin and TI-VAMP in pEGFP-C3 were described previously and were a gift from Dr. T. Galli (15, 16) . Rab7 and Rab9 (canine) in pEGFP-C1 were a gift from F. Meunier (University of Queensland, Brisbane, Australia). Rab5 in pEGFP-C2 was described previously (12) . Stable Rab13 knockdown in HEK-293T cells was achieved using a lentivirus to drive the expression of Rab13 shRNA1 (TRCN0000381528), shRNA2 (TRCN0000382005), shRNA3 (TRCN0000343510), or a control vector of pLKO-TRC005 obtained from the Mission@TRC genome-wide shRNA collection (Sigma) as described previously (5) . The primers used to generate the constructs and shRNAs can be found in supplemental Table S1 . All constructs were verified by sequence analysis.
Subcellular Fractionation-Various rat tissues or cultured cells were homogenized in HEPES buffer (20 mM HEPES (pH 7.4) containing protease inhibitors (0.83 mM benzamidine, 0.23 mM phenylmethylsulfonyl fluoride, 0.5 g/ml aprotinin, and 0.5 g/ml leupeptin)) and centrifuged at 800 ϫ g for 10 min at 4°C to remove cell debris. The supernatant was centrifuged at 200,000 ϫ g for 30 min, yielding the supernatant (S1) and pellet (P1) fractions. P1 was subsequently resuspended in HEPES buffer with or without NaCl, KCl, EDTA, or detergents (1% Triton X-100, 1% Nonidet P-40, 25 g/ml digitonin or 1% SDS, and 0.5% deoxycholate) or in 50 mM NaCO 3 at pH 11.0. Following incubation for 15 min, the samples were centrifuged at 200,000 ϫ g for 30 min, yielding the S2 and P2 fractions. Equal protein aliquots of the fractions were analyzed by SDS-PAGE and Western blotting. The blots were analyzed using ImageJ 1.43m (National Institutes of Health).
Rab GDI Extraction-HEK-293T cells were transfected with His-myc-Rab GDI. At 18 h post-transfection, cells were lysed in binding buffer (50 mM HEPES (pH 8.0), 300 mM NaCl, 20 mM imidazole, 1% Triton X-100, and protease inhibitors), centrifuged at 200,000 ϫ g for 15 min at 4°C, and incubated with nickel-nitrilotriacetic acid-agarose beads (Qiagen) with rocking for 2 h at 4°C. The beads were washed once in binding buffer and twice in wash buffer (50 mM HEPES (pH 6.5), 300 mM NaCl, 20 mM imidazole, and protease inhibitors) and eluted from beads in elution buffer (50 mM HEPES (pH 6.5), 300 mM NaCl, 200 mM NaCl, and protease inhibitors). Purified Hismyc-Rab GDI was concentrated, and the buffer was exchanged into HEPES buffer using an Amicon Ultra 10K centrifugal filter (Millipore). For GDI extraction, HEK-293T cells were treated as described above, and P1 was resuspended in HEPES buffer containing increasing concentrations of purified Hismyc-Rab GDI, incubated for 30 min at 37°C, and centrifuged at 200,000 ϫ g for 30 min at 4°C, yielding the S2 and P2 fractions. Equal protein aliquots of the fractions were analyzed by SDS-PAGE and Western blotting.
Discontinuous Sucrose Gradient-Sucrose gradients were performed as described in Ref. 17 . In brief, HEK-293T cells were washed twice in PBS and lysed in HNEX buffer (20 mM HEPES, 150 mM NaCl, 5 mM EDTA, 10% Triton X-100, and protease inhibitors), sonicated, incubated on ice for 10 min, and spun at 800 ϫ g for 10 min at 4°C to remove cell debris. Sucrose solutions were prepared in HNE buffer (20 mM HEPES, 150 mM NaCl, and 5 mM EDTA). The cell extract was adjusted to 40% sucrose. 3 ml of 5% sucrose solution was underlaid with 6 ml of 30% sucrose solution followed by 4 ml of cell extract. Samples were centrifuged at 230,000 ϫ g for 16 h at 4°C, and 1-ml fractions were collected and analyzed by SDS-PAGE and Western blotting.
Immunofluorescence and Live Cell Imaging-For live-cell imaging, MCF10A cells were plated on poly-L-lysine-coated, 35-mm, no. 1.5 glass-bottom dishes (MatTek Corp.). Cells were transfected using JetPrime reagent and incubated for 14 h. PC12 cells were differentiated in reduced serum medium containing 50 ng/ml NGF for 36 h, transfected using JetPrime reagent, and incubated for 14 h. For internalization of transferrin, transfected cells were serum-starved for 1 h and incubated in serum-free medium containing 25 g/ml transferrin-Alexa Fluor 647 for 30 min. Cells were washed and imaged in complete medium. Live-cell imaging was performed using an AxioObserver Z1 (Zeiss) microscope equipped with a Plan-Aprochromat ϫ40 oil objective (numerical aperture, 1.4), a Defi-nite Focus system, and an AxioCam MR3 camera (Zeiss). Cells were kept at 37°C in 5% CO 2 using Incubation System S (Pecon, Germany). GFP and mCherry were imaged using 470-and 591-nm LEDs respectively, from a Colibri.2 illumination source (Zeiss). Acquisition and analyses were performed using ZEN 11.0 software (Zeiss), whereas movies were made using ImageJ 1.43m. For co-localization analysis, MCF10A cells were plated on poly-L-lysine-coated coverglass, transfected using JetPrime reagent, and incubated for 14 h. Cells were subsequently washed in PBS at 37°C and fixed for 10 min in 3% paraformaldehyde at 37°C. Cells were mounted using Dako mounting medium (Agilent Technologies), and imaging was performed using a 710 laser-scanning confocal microscope equipped with a Plan-Aprochromat ϫ63 oil objective (numerical aperture, 1.4) (Zeiss). Acquisition was performed using ZEN 11.0 software (Zeiss), and the percentage of co-localization was determined using the co-localization analysis plugin on ImageJ.
Statistical Analysis-Statistics were analyzed using SPSS version 17. Mean Ϯ S.D. was used to determine significant differences between pairs. Comparisons of groups were performed using Student's t test or one-way analysis of variance and Dunnett post-test for multiple comparisons (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001).
Results and Discussion
Inactive Rab13 Traffics on Vesicles-It is generally assumed that Rabs are soluble in their inactive GDP-bound form and that only upon activation and conversion to the GTP-bound form do they associate with membranes. However, as we have described previously (5) , both constitutively active (Q67L) and constitutively inactive (T22N) mutant forms of Rab13 are present on vesicles in MCF10A epithelial cells ( Fig. 1A) . In fact, Rab13 T22N traffics on dynamic vesicles into and out of the perinuclear region, similar to Rab13 Q67L (5) . The mutant Rabs in these experiments are commonly used to study GTPase function. The active Q67L mutation abolishes GTP hydrolysis, rendering the Rab GTP-locked, whereas the inactive T22N mutation disrupts Mg 2ϩ binding, thereby reducing the affinity for GTP by 100-fold without affecting the affinity for GDP, resulting in a GDP-locked Rab (18, 19) . However, in some cases, dominant-negative mutations may not completely inactivate the protein but, rather, slow its activation. This is the case in Drosophila, where Rab7 T22N overexpression can partially rescue Rab7-null mutants, showing that Rab7 T22N retains some of its wild-type function (20) . Therefore, we sought to examine whether the mCh-Rab13 T22N mutant used here retains wildtype function by performing pulldown assays using the Rabbinding domain of the Rab13 effector MICAL-L1 (21) . Although mCh-Rab13 Q67L binds strongly to the effector domain, mCh-Rab13 T22N is unable to bind ( Fig. 1B) . This is consistent with previous studies showing that expression of Rab13 T22N in functional assays acts in a dominant-negative fashion (22) . Thus, Rab13 T22N is indeed in its inactive form as it traffics on vesicles.
Interestingly, although both Rab13 mutants are found on cytoplasmic vesicles, only mCh-Rab13-Q67L is found on the plasma membrane ( Fig. 1, A and C) . Previously, we determined that Rab13 is activated specifically at the plasma membrane, where its GEFs DENND1C and DENND2B are localized (5, 23) . This suggests that activation by its GEF is required for association of Rab13 with the plasma membrane. This is consistent with the notion that GEFs play an important role in targeting Rabs to specific membranes (24) . For example, knockdown of the GEF for Rab32, BLOC-3, prevents the targeting of Rab32 to ring-like membrane structures in melanosomes (25) . Interestingly, Rab32 could still be found on small puncta following BLOC-3 knockdown. Thus, BLOC-3 functions to target Rab32 to specific membrane compartments. The same appears to hold true for Rab13 because only the active form is found on the plasma membrane.
Rab13 has been predominantly studied in epithelial cells because Rab13 activity regulates tight junction assembly and stimulates cell invasion and migration (5, 26 -28) . However, Rab13 is also required for NGF-induced neurite outgrowth in PC12 cells and dorsal root ganglion neurons (22, 29) . We thus sought to determine whether trafficking of inactive Rab13 on vesicles is a characteristic of cell types other than MCF10A. mCh-Rab13 T22N traffics on vesicles in neurites of differentiated PC12 cells ( Fig. 1D ). Therefore, the targeting and trafficking of inactive Rab13 on vesicles is likely to be characteristic of multiple cells types.
Inactive Rab13 Traffics on Vesicles Derived from Multiple Endosomal Compartments-Rab13 controls the delivery of cargo that traffics through recycling endosomes to the plasma membrane (30) . Consistently, Rab13 is localized to the trans-Golgi network, recycling endosomes and the plasma membrane (5, 30) . To confirm that the vesicles carrying inactive Rab13 are functional, we tested for co-trafficking with internalized trans-ferrin, a major recycling cargo that passes through recycling endosomes and has been shown previously to co-localize with wild-type Rab13 (30, 31) . mCh-Rab13 T22N co-localizes with internalized transferrin ( Fig. 2A , i) and traffics on vesicles that contain the internalized ligand (Fig 2A, ii-iv). Thus, inactive Rab13 is present on functional vesicles, likely derived from recycling endosomes.
Because several trafficking routes exist to recycle cargo back to the plasma membrane, we sought to further define the identity of vesicles carrying Rab13. Exocytosis of transferrin-containing vesicles is partially regulated by the tetanus toxin-sensitive v-SNARE cellubrevin (16) . However, there was limited co-localization of Rab13 (inactive or active) with cellubrevin ( Fig. 2, B and C) . Instead, we discovered that a large fraction of both mutants of Rab13 co-localize with tetanus-insensitive TI-VAMP (VAMP7) (Fig. 2, B and C). This result was particularly interesting given that TI-VAMP regulates many of the same physiological functions as Rab13, including plasma membrane delivery of GLUT4, neurite outgrowth, and cell migration (32) . Although TI-VAMP can be found at the plasma membrane and trans-Golgi network, where Rab13 has been localized, TI-VAMP is predominantly found on late endosomal compartments (32) . Intriguingly, wild-type Rab13 also localizes in part to Rab7-positive late endosomes (21) . In fact, we found that both active and inactive Rab13 constructs co-localize with the late endosomal markers Rab7 and Rab9 with much less co-localization than with the early endosomal marker Rab5 (Fig. 2, B and C). Together, our data suggest that both active and inactive Rab13 traffic on two distinct populations of vesicles: those carrying transferrin receptor from recycling endosomes and TI-VAMP/Rab7-positive vesicles derived from late endosomes. However, it remains unknown how inactive Rab13 associates with these vesicles.
Inactive Rab13 Resists Membrane Extraction by Rab GDI-We next sought to characterize the association of inactive Rab13 on endosome-derived vesicles. Classically, following inactivation, Rabs are solubilized from the membrane by GDI. GDI binds to prenylated Rabs in their inactive GDP-bound form, extracts them from the membrane, and holds them soluble in the cytosol until reactivation (33) . However, endogenous Rab13 resists extraction from membranes by GDI (34) . Here we show that, in addition to endogenous Rab13, both mCh-Rab13 Q67L and mCh-Rab13 T22N resist extraction from membranes by purified GDI, whereas Rab9 shows a clear dose-dependent extraction (Fig. 3A) . Although phosphodiesterase-␦ can partially solubilize Rab13 from the particulate fraction (34), GDIs bind Rabs with little to no specificity (35) . We therefore reasoned that some mechanism must be in place to prevent the solubilization of Rab13 by GDI. One possibility is that Rab13 traffics on lipid rafts. Lipid rafts are stable microdomains within membranes that are enriched in cholesterol and sphingolipids (36) . Elevated levels of cholesterol on these membrane domains reduce the ability of GDI to extract certain Rabs from membranes (37, 38) . Because lipid raft markers cycle between the trans-Golgi network and the plasma membrane, where Rab13 also functions, we tested whether Rab13 was present on lipid rafts (39) . Using sucrose gradients, we found that Rab13 from HEK-293T cell lysates does not co-fractionate (float) with detergent-resistant membranes, revealed by the raft marker flotillin ( Fig. 3B ). Although we cannot exclude that Rab13 associates with lipid rafts in other cell types, it does not in HEK-293T cells, and therefore another mechanism must exist to mediate the resistance to GDI extraction. C-terminal Prenylation Is Not Required for the Targeting of Inactive Rab13 to Vesicles-Because GDIs bind to the hydrophobic prenyl group on Rabs, and Rab13 resists extraction by GDI, we tested whether Rab13 requires C-terminal prenylation to interact with cytoplasmic vesicles. Rab13 is geranylgeranylated on the cysteine residue of its CAAX motif found at the extreme C terminus (40) . Therefore, we deleted the last four amino acids of the protein containing the prenylation site (Rab13⌬C) (Fig. 4A) . Interestingly, inactive mCh-Rab13 T22N-⌬C remains associated with vesicles ( Fig. 4, B and C) . These vesicles retain the proper perinuclear localization and have no obvious trafficking defects (Fig. 4, B and D, and supplemental Movie 1). Again, we verified that these vesicles were functional as mCh-Rab13 T22N-⌬C co-traffics with internalized transferrin (Fig. 4E) . Thus, inactive Rab13 is present on vesicles carrying recycling cargo even in the absence of prenylation. Furthermore, we found that mCh-Rab13 T22N-⌬C traffics on vesicles in neurites of differentiated PC12 cells, showing that this is a general feature of Rab13 and not cell type-specific (Fig. 4F) . These data indicate that inactive Rab13 is recruited to vesicles in a prenylation-independent manner.
Several studies have indicated that the hypervariable domain (HVD) of Rabs contributes to membrane targeting (41, 42) . The HVD is an unstructured region directly adjacent to the prenylation motif and is the most divergent region of Rabs. The HVD is required for membrane targeting of several Rabs, including Rab7 and Rab35, but is not required for membrane targeting of Rab1 or Rab5 (42, 43) . Deletion of both the HVD and C terminus of inactive Rab13 (Fig. 4A ) reduced the number of cells containing Rab13-positive vesicles but did not lead to a complete redistribution to the cytosol (Fig. 4, B and C, and supplemental Movie 2). Thus, inactive Rab13 can be recruited to vesicles in the absence of its HVD and prenylation.
Endogenous Rab13 Associates with Membranes through Protein-Protein Interactions-The retention of inactive Rab13 on vesicles despite deletion of the HVD and the C-terminal prenylation site suggests that interactions within the switch regions are important for vesicle association. Proteins that interact preferentially with the GDP-bound form of Rab13 could mediate this vesicle association. Although GEFs and GDIs are thought to be the predominant binding partners for GDPbound Rabs, other interacting proteins have been described. For instance, the GRAM domain of myotubularin-related protein 6 (MTMR6) interacts preferentially with GDP-bound Rab1b (44) . Furthermore, protrudin interacts preferentially with GDP-bound Rab11 (45) . In fact, GDP-bound Rab11 binds protrudin and KIF5 to facilitate plus end microtubule transport, whereas GTP-bound Rab11 that binds FIP3 and dynein to facilitate minus end microtubule transport, suggesting that GTP/GDP cycling of Rabs is not as simple as an on/off switch (45, 46) .
Thus, we speculate that inactive Rab13 associates with vesicle membranes through interactions with proteins. We therefore used subcellular fractionation and classic membrane extraction protocols to examine the association of endogenous Rab13 with membranes. Ultraspeed centrifugation was employed to separate HEK-293 cell lysates into particulate (P) and cytosolic (S) fractions. The P fraction was resuspended in various buffers, and a second high-speed centrifugation yielded S2 and P2 fractions. We first used Triton X-100 in the absence of salt, which will solubilize integral membrane proteins such as the Na ϩ K ϩ ATPase as well as proteins anchored to membranes through insertion of prenyl groups, such as Rab5 and Rab9 (Fig.  5, A and B) (14) . Consistent with our transfection studies, endogenous Rab13 largely resisted extraction under this condition (Fig. 5, A and B) . We next utilized carbonate buffer at pH 11.0, which disrupts most protein-protein complexes and solubilizes large scaffolding proteins that are anchored to membranes through protein-protein interactions, such as RME-8, but leaves membranes intact and will thus not alter the pelleting of prenylated proteins such as Rab9 or integral membrane proteins such as Na ϩ K ϩ ATPase (Fig. 5, A and C) (14) . This condition leads to the extraction of a significant percentage of Rab13, whereas Rab35, Rab5, and Rab9 remain entirely in the P2 fraction (Fig. 5, A and C) . In the epithelial cell lines MCF10A and MCH46, we also found that the majority of Rab13 extracts at pH 11.0 and not in Triton X-100, demonstrating that the observed results are a general characteristic of Rab13 and are not cell type-specific (Fig. 5, D and E) . To confirm that the Rab13 antibody is indeed targeting endogenous Rab13, we performed knockdown of Rab13 using three different shRNAs and observed a large reduction of the immunoreactive band (Fig.  5F ). Furthermore, Rab13 resists extraction in multiple non-ionic detergents in the absence of salt but is extracted in a mixture of the anionic/denaturing detergents sodium deoxycholate and sodium dodecyl sulfate, similar to the extrinsic membrane protein RME-8 ( Fig. 5G) (14) . Rab13 also resists extraction with physiological concentrations of salt and only partially extracts in 100 mM NaCl containing Triton X-100 (Fig. 5, H and I) . Thus, Rab13 behaves as a peripheral membrane protein in cell lines.
Some Rabs may pellet because of interactions with the cytoskeleton. For example, Rab24 distributes to the particulate fraction because of interactions with microtubules (47) . Because Rab13 interacts with actin-binding proteins (5), we wondered whether the extraction behavior of Rab13 in our biochemical experiments could be attributed to cytoskeletal associations. Resuspension of the particulate fraction in ice-cold HEPEs leads to spontaneous disassembly of the cytoskeleton and redistribution of the majority of both actin and tubulin into the supernatant following a second high-speed centrifugation ( MAY 13, 2016 • VOLUME 291 • NUMBER 20 JOURNAL OF BIOLOGICAL CHEMISTRY 10731 5, J and K). However, Rab13 remains entirely in the pellet under these conditions (Fig. 5, J and K) . Because Rab13 does not solubilize along with the cytoskeleton, this suggests that proteinprotein interactions other than those with the cytoskeleton are responsible for the extraction behavior of Rab13.
Inactive Rab13 on Vesicles
Next, we wondered whether this phenotype was specific to cultured cells or could also be observed with endogenous Rab13 from tissue. In fact, Rab13 extracts from the particulate fraction at pH 11.0 and only partially extracts in Triton X-100 in both rat brain (Fig. 6, A and C) and liver (Fig. 6, B and D) . Consistent . Rab13 associates with membranes via protein-protein interactions in cells. A, HEK-293T cell homogenates in HEPES buffer were spun for 30 min at 200,000 ϫ g, and equal protein aliquots of the resulting pellet (P) were resuspended in ice-cold HEPES buffer with or without 1% Triton X-100 (TX100) or NaCO 3 at pH 11. 0. After 15 min of incubation, samples were spun for 30 min at 200,000 ϫ g, and the resulting supernatant (S2) and pellet (P2) fractions were analyzed by Western blotting using the indicated antibodies. B and C, quantification of the distribution of Rab proteins resuspended in Triton X-100 (B) and at pH 11.0 (C). Data are mean Ϯ S.D. (n ϭ 7 for Rab13, n ϭ 5 for Rab5, n ϭ 4 for Rab8 and Rab35, and n ϭ 3 for Rab9). D--E, lysates of MCF10A cells (D) and MCH46 cells (E) were processed and analyzed as in A. F, HEK-293T cells were stably transduced with a lentivirus driving the expression of control shRNA or three different shRNAs targeting Rab13, and the indicated proteins were detected by blotting. G, HEK-293T cell homogenates in HEPES buffer were spun for 30 min at 200,000 ϫ g, and equal protein aliquots of the resulting pellet were resuspended in ice-cold HEPES buffer with digitonin (Digit.), Nonidet P-40, CHAPS, or SDS/deoxycholate (DOC). After 15 min of incubation, samples were spun for 30 min at 200,000 ϫ g, and the resulting supernatant and pellet fractions were analyzed by Western blotting using the indicated antibodies. H, HEK-293T cell homogenates in HEPES buffer were spun for 30 min at 200,000 ϫ g, and equal protein aliquots of the resulting pellet were resuspended in ice-cold HEPES buffer with or without NaCl or KCl at the indicated concentrations. After 15 min of incubation, the samples were spun for 30 min at 200,000 ϫ g, and the resulting supernatant and pellets were analyzed by Western blotting using the indicated antibodies. I, HEK-293T cell homogenates in HEPES buffer were spun for 30 min at 200,000 ϫ g, and equal protein aliquots of the resulting pellet were resuspended in ice-cold HEPES buffer containing 100 mM NaCl with or without 1% Triton X-100 or NaCO 3 at pH 11.0. After 15 min of incubation, samples were spun for 30 min at 200,000 ϫ g, and the resulting supernatant and pellet fractions were analyzed by Western blotting using the indicated antibodies. J and K, HEK-293T cell homogenates in HEPES buffer were spun for 30 min at 200,000 ϫ g, and equal protein aliquots of the resulting pellet were resuspended in ice-cold HEPES buffer. After 15 min of incubation, samples were spun for 30 min at 200,000 ϫ g, and the resulting supernatant and pellets were analyzed by Western blotting using the indicated antibodies.
with our cell line data, Rab5 extracted only with Triton X-100 and not at pH 11.0 (Fig 6, A-D) . Thus, our data suggest that a pool Rab13 is likely stabilized on membranes through proteinprotein interactions and not through insertion of a hydrophobic prenyl group.
We also wondered whether the nucleotide status of Rab13 affects its ability to associate with protein complexes. We repeated our ultraspeed centrifugation of HEK-293 cell lysates and found that Rab13 resists extraction with the addition of EDTA to render the protein nucleotide free (Fig. 7A ). Furthermore, we found that mCh-Rab13 WT, mCh-Rab13 Q67L, mCh-Rab13 T22N, and mCh-Rab13 T22N-⌬C all resist extraction with Triton X-100 and largely extract at pH 11.0 ( Fig. 7A) . Therefore, Rab13 associates with membranes likely through protein-protein interactions independent of its nucleotide status or prenylation.
Conclusion
Here we show that Rab13 traffics on vesicles derived from both recycling and late endosomal compartments in both its inactive and active form, whereas only active Rab13 is found on the plasma membrane. We discovered that inactive Rab13 does not require C-terminal prenylation to traffic on these vesicles. Instead, Rab13 exists on vesicles likely as part of a large protein complex (Fig. 8 ). It will be interesting in the future to investigate whether other Rabs can associate with membranes independent of prenylation. With roughly 70 mammalian Rabs, the largest family of small GTPases, this could represent a conserved mechanism used by a subset of Rabs to regulate membrane trafficking. . Rab13 associates in a protein complex independent of nucleotide status. A, HEK-293T cell homogenates in HEPES buffer were spun for 30 min at 200,000 ϫ g, and equal protein aliquots of the resulting pellet (P) were resuspended in ice-cold HEPES buffer with or without EDTA at the indicated concentrations. After 15 min of incubation, the samples were spun for 30 min at 200,000 ϫ g, and the resulting supernatant (S2) and pellets (P2) were analyzed by Western blotting using the indicated antibodies. B, HEK-293T cells were left untransfected or were transfected with various mCh-Rab13 constructs as indicated. Cell homogenates in HEPES buffer were spun for 30 min at 200,000 ϫ g, and equal protein aliquots of the resulting pellet were resuspended in ice-cold HEPES buffer with or without 1% Triton X-100 (TX100) or NaCO 3 at pH 11.0. After 15 min of incubation, the samples were spun for 30 min at 200,000 ϫ g, and the resulting supernatant (S2) and pellets (P2) were analyzed by Western blotting using the indicated antibodies for the first and second panels and an antibody against Rab13 to detect the various Rab13 constructs. 
